Abstract
Introduction
One-third to three-quarters of critically ill patients develop delirium, a type of acute brain dysfunction characterized by inattention and disorganized thinking, during their stay in the intensive care unit (ICU). 1, 2 Patients who develop delirium in the ICU are more likely to have worse clinical outcomes, including increased risk of mortality, longer ICU and hospital stays, and cognitive impairment. [1] [2] [3] To combat these poor outcomes, multiple studies have focused on the role of neurotropic agents, such as ICU sedatives, and the occurrence of delirium. [4] [5] [6] Multiple investigations have shown benzodiazepine administration to be an independent risk factor for delirium during critical illness, 7, 8 but one study found that neither the dose nor the plasma concentration of the benzodiazepine used-midazolam-was associated with delirium. 9 Sedation with the α 2 -adrenoreceptor agonist dexmedetomidine has been associated with reduced prevalence and duration of acute brain dysfunction in mechanically ventilated patients, 10, 11 but it is unclear whether these reductions were attributable to avoidance of benzodiazepines or whether these reductions were attributable to a dose-dependent and plasma concentration-dependent protective effect of dexmedetomidine.
To advance the understanding of sedative pharmacodynamics in relation to delirium, we measured plasma concentrations of lorazepam and dexmedetomidine from patients enrolled in the double-blind, randomized clinical phase 3 trial, Maximizing Efficacy of Targeted Sedation and Reducing Neurological Dysfunction Study (MENDS), 10 which compared lorazepam with dexmedetomidine for sedation of mechanically ventilated ICU patients. We hypothesized a priori that higher plasma concentrations of lorazepam would be associated with increased delirium risk and that higher plasma concentrations of dexmedetomidine would be associated with reduced delirium risk.
Methods

Eligibility
We performed this prospective cohort study during the previously published MENDS trial (ClinicalTrials.gov NCT00095251), which occurred over a 2-year period at 2 centers, where relevant institutional review boards approved the study protocol. 10 Patients met inclusion criteria for the MENDS study if they were adult medical or surgical patients in an ICU and required mechanical ventilation for at least 24 hours. We excluded patients with severe neurological disease (eg, prior stroke, cerebral palsy), active seizures, severe liver disease, moribund state and/or planned withdrawal of life support, family and/or physician refusal, alcohol abuse, active myocardial ischemia, second-or third-degree heart block, severe dementia, benzodiazepine dependence, pregnant or breastfeeding, or significant limitations to communication such as severe hearing loss or inability to understand English. Informed consent was obtained from authorized surrogates and again from patients when deemed competent. Patients were randomized to receive either lorazepam or dexmedetomidine, with fentanyl administered for pain for up to 120 hours after randomization, as long as they still required mechanical ventilation. Further details about enrollment, blinding, randomization, sample size calculation, study drug administration, analgosedative protocol, and outcome assessments are available in the original publication. 10 
Plasma Concentrations of Sedatives
Blood samples were collected on enrollment and up to 3 times per day (at 05:00, 10:00, and 16:00 hours) for up to 6 days postrandomization while on sedation. The plasma was immediately separated by centrifugation at 3000 rpm for 10 minutes and then stored frozen at −80°C in 500-µL aliquots until batched analysis in 2010.
Plasma lorazepam concentrations were measured with a previously described method. 12 After the addition of internal standard (300 µL of a 1-µg/mL solution of diazepam) and 200 µL saturated sodium borate (pH ~9.4), plasma (0.5 mL) was extracted by shaking for 30 minutes with 7 mL of ethyl acetate. The organic extract was dried down at 40°C under nitrogen, and the residue was dissolved in 200 µL of high-performance liquid chromatography (HPLC) mobile phase. After centrifugation and filtration through a 0.22-µm nylon filter, a 50-µL aliquot was subjected to HPLC-UV analysis with separation on a 5-µm Ultrasphere C18 column with a mobile phase of 70/30/0.1, methanol/water/acetic acid at a flow rate of 1 mL/min and UV detection at 230 nm. Calibration curves were linear over the range of 50 to 1000 ng/mL.
Plasma dexmedetomidine concentrations were measured by reversed-phase HPLC with tandem mass spectrometric detection (HPLC-MS/MS; SCIEX API 365 instrument, Foster City, CA). The method is a modification from a published procedure. 13 The lower limit of quantitation of the assay was 0.02 ng/mL. The within-and between-run precision of the assay (coefficient of variation) was within 8% in the relevant concentration range.
Delirium
The outcome for the current study was the occurrence of delirium on the next day following sedative plasma concentration measurement. Research personnel blinded to treatment group assignment assessed patients for delirium once daily for up to 12 days (or until hospital discharge) using the Confusion Assessment Method for the ICU (CAM-ICU) when Richmond Agitation-Sedation Scale (RASS) scores were ≥(−3).
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Statistical Analysis
We used multivariable Markov logistic regression models to examine the relationship between highest daily plasma levels of lorazepam and dexmedetomidine (exposures or independent variables) and delirium status on the next day (outcome or dependent 2-tiered variable represented by delirium or nondelirium), adjusting for a 3-tiered mental status (normal, delirious, or comatose) and 24-hour fentanyl dose on the same day of plasma level measurement. All patient-days with available plasma levels and an observed mental status of delirium or normal the next day were included in the model; we used Huber-White sandwich estimation, clustered by patient, to account for within-patient correlation of observations. We did not include patient-days when death or coma precluded delirium assessment on the day after measurement of sedative plasma concentration.
We used R version 3.3.2 for all statistical analyses and considered P <0.05 to indicate statistical significance. Descriptive data are presented as medians with interquartile ranges (IQRs). Odds ratios (ORs) with 95% CIs compare the 75th versus 25th percentiles (or clinically relevant maxima/ minima when percentiles are equivalent) of the observations, using a previously reported statistical approach. 1,15,16(p568) 
Results
In the MENDS study, 51 patients were randomized to the lorazepam group and 52 patients were randomized to the dexmedetomidine group. All patients completed the study protocol and were followed until death, hospital discharge, or up to 21 days after randomization. Of this group, 85 patients completed the study and had at least 1 sedative plasma level measured among 302 patient-days. After excluding persistently comatose and missing exposure/outcomes, the number of evaluable patients was 62, leaving a total of 152 days where the patient had a plasma level measured and had at least 1 delirium assessment in the study period.
Both groups were similar at baseline (Table 1) with respect to demographics, severity of illness, comorbid conditions, and ICU admission diagnoses. The median age for this critically ill cohort was 60 years (IQR = 48-66), with a median APACHE II score of 28 (IQR = 24-32), evenly split gender (female 49%, n = 50; male 51%, n = 53), and requiring admissions either to the surgical ICU (30%, n = 31) or medical ICU (70%, n = 72). Of the 103 patients who were included in this analysis, about one-third (n = 36, 35%) had sepsis or acute respiratory distress syndrome as a primary diagnosis. Median lorazepam or dexmedetomidine use prior to enrollment was similar and equal to zero; 50 patients did receive lorazepam prior to enrollment, and 6 patients received dexmedetomidine. Baseline mental status was delirious (29%, n = 30), comatose (53%, n = 54), and normal (7) 18% (18) 
Abbreviations: APACHE II, Acute Physiology and Chronic Health Evaluation II Score; ICU, intensive care unit; RASS, Richmond Agitation-Sedation Scale.
a All values are presented as percentage (n) or median (interquartile range) or mean ± SD. b All combined n = 103, except where specified. (18%, n = 18), with lower baseline delirium in the lorazepam versus the dexmedetomidine group (24% vs 35%). As previously reported, 10 the median dexmedetomidine rate was 0.74 µg/kg/h (IQR = 0.39-1.04) and the median lorazepam rate was 3 mg/h (IQR = 2.2-6). The median administered fentanyl dose was 575 µg/d in the dexmedetomidine group and 150 µg/d in the lorazepam group. For those with plasma levels, the dexmedetomidine group had mean levels of 0.46 ng/mL, and the lorazepam group had mean levels of 167 ng/mL.
After adjusting for the same day's fentanyl dose and mental status, higher plasma concentrations of lorazepam were associated with a nonlinear increased risk of delirium on the next day after plasma concentration measurement (see Figure 1 for entire association, comparing 500 ng/mL of lorazepam vs 0 ng/mL; OR = 13.2; 95% CI = 1.4-120.1; P = 0.02). This means for a lorazepam plasma concentration of 500 ng/mL, there is a 13-fold higher odds of delirium as compared with a plasma concentration of 0 ng/mL. At a lorazepam plasma concentration >750 ng/mL, the predicted risk of next-day delirium approached 100%. Within the same model adjusting for the same-day covariates, higher plasma concentrations of dexmedetomidine were associated with neither an increase nor a decrease in the risk of delirium on the next day ( Figure 2 , comparing 1 ng/mL of dexmedetomidine vs 0 ng/mL; OR = 1.1; 95% CI = 0.9-1.3; P = 0.45). The fentanyl dose administered on the same day as the plasma concentration measurements was nonlinearly associated with the development of delirium on the next day, after adjustment for both sedative drug levels ( Figure 3 , P < 0.001). In general, the probability of delirium increased as fentanyl doses rose from 0 to 2500 µg/d and then fell, although the number of patient-days during which very high doses were received was so small that the CI in this range was wide.
Discussion
In this study of mechanically ventilated ICU patients randomized to one of two intravenous sedation strategies, higher lorazepam plasma concentrations were associated with a higher probability of delirium on the following day after adjusting for concurrent mental status and fentanyl dose. In contrast, the plasma concentrations of dexmedetomidine were not associated with either an increased or decreased probability of delirium on the following day. The total dose of fentanyl was associated with delirium risk on the following day, even after adjusting for doses of dexmedetomidine and lorazepam. 2 and 3 ). The number of evaluable patients was 62, given that persistently comatose and missing exposure/outcomes were disallowed.
Plasma concentration of lorazepam, a more accurate approximation of drug exposure than drug dose (since it accounts for pharmacokinetic variability), was associated with delirium risk. A high predicted probability of delirium was observed when high plasma concentrations of lorazepam were reached, however limited by very few observations and moderately wide CIs. We could have cube-root transformed these drug concentrations to limit the effect of these extreme values, however that would be less interpretable to the readership. Still, these findings build on numerous previous investigations that have shown a temporal association between the administration of benzodiazepines (both lorazepam and midazolam) and the increased probability of daily delirium. 7, 8 Our results, however, differ from the study by Skrobik et al, 9 who found no association between plasma levels of midazolam and delirium. Also, important differences in their study methodology may explain these discordant findings. The authors categorized enrolled ICU patients into 3 mutually exclusive groups for the purpose of the logistic regression analysis; those who only were comatose (n = 24), those who only had delirium (n = 22), and those who had neither (n = 12). In the small subset of patients with only delirium, they were unable to show statistical significance between sparsely but concomitantly drawn plasma levels of midazolam and delirium. The majority of patients in this study (and frequently seen in clinical practice) who had some days of coma and some days of delirium (n = 42) were excluded from this regression analysis, which limits the generalizability of the findings. Additionally, concomitantly determined plasma levels do not allow the analysis of temporal relationships, especially because we know that benzodiazepines may have prolonged effects on the brain.
In contrast, we studied the association of the highest benzodiazepine plasma level on each day (from 1 to 3 samples per patient per day) on the probability of delirium (or nondelirious status) on the next day, accounting for the administered opiates (fentanyl) and the mental status (normal, coma, or delirium) on the previous day. Our methodology facilitates a temporal evaluation and interpretation that is independent of the current mental status. Specifically, an increased plasma level of lorazepam (eg, reflective of present and cumulative drug dose and pharmacokinetic modifiers) increases the probability of either persistent or new delirium on the next day, rather than having a nondelirious mental status. Plasma concentrations of dexmedetomidine in critically ill patients and probability of delirium on the next day: The solid black line represents the relationship between the future (ie, next-day) probability of delirium (vs nondelirious) with plasma dexmedetomidine concentration in nanogram per milliliter, adjusted for the mode/median of other covariates in the single multivariable logistic regression model. Covariates for our single model included fentanyl dose and mental status (eg, normal, coma, or delirium), same-day plasma dexmedetomidine concentration, and same day of lorazepam concentration analysis (see also Figures 1 and 3) . The gray area represents the 95% CI for this relationship. The number of evaluable patients was 62, given that persistently comatose and missing exposure/outcomes were disallowed. This is also the first report to our knowledge examining the association between dexmedetomidine plasma concentrations and delirium during critical illness. After controlling for effects of time-varying exposure to fentanyl, which was administered more often to patients receiving dexmedetomidine than to those receiving lorazepam in the MENDS Study, we found thatcontrary to our hypothesis-dexmedetomidine plasma concentrations were not associated with altered delirium risk. This finding supports the hypothesis that the reductions in delirium observed in dexmedetomidine-treated patients during MENDS and other trials 10, 11, 17 may have been attributable to avoidance of delirium-provoking sedative agents-namely, benzodiazepines. For example, there are data that suggest that dexmedetomidine may not improve patient outcomes after optimizing sedation and delirium metrics. 18, 19 An alternative explanation is that dexmedetomidine does have protective efficacy against delirium, as suggested by the recent placebocontrolled Dexmedetomidine to Lessen ICU Agitation (DahLIA) study, 20 but that this effect is not dose dependent within the range of doses used in the MENDS Study (0.15-1.5 µg/kg/h).
Our work also accounted for one the most common ICU narcotics, intravenous fentanyl, whose doses are potentially inversely affected by the analgesic properties of dexmedetomidine. 21 Similar to a prior report, 22 we found that, with the exception of extremely high doses, higher fentanyl doses were associated with higher probability of delirium development on the following day, after adjustment for concomitant sedatives. Fentanyl is the most frequently used opioid analgesic in the ICUs of the United States and many European nations. 23 Previous studies investigating fentanyl's association with delirium have yielded conflicting results. Fentanyl was shown to be associated with delirium in surgical and trauma ICU patients who were mechanically ventilated. 7, 9 However, in a study of burn ICU patients, a population with high levels of pain, opioids (fentanyl and morphine) decreased the risk of developing delirium by half. 24 Thus, the findings of this study along with those previously published suggest that fentanyl likely contributes to delirium when used for sedation but may be protective in patients with high pain levels.
Our study has some important limitations. For example, analyzing the highest daily plasma concentration of both drugs may or may not erroneously presume that these Figure 3 . Next-day probability of delirium versus same-day cumulative dose of fentanyl in critically ill patients: The solid black line represents the nonlinear relationship between the future (ie, next day) probability of delirium (vs nondelirious) with the cumulative same-day dose of fentanyl in micrograms, adjusted for the mode/median of other covariates in the single multivariable logistic regression model. Covariates for our single model included fentanyl dose and mental status (eg, normal, coma, or delirium), same-day plasma dexmedetomidine concentration, and same day of lorazepam concentration analysis (see also Figures 1 and 2) . The gray area represents the 95% CI for this relationship. The number of evaluable patients was 62, given that persistently comatose and missing exposure/outcomes were disallowed.
are at steady-state levels; hence, depending on the time and frequency of dosage adjustments, the plasma drug concentrations may not be in equilibrium between plasma and the central nervous system. Also, although maximum daily plasma concentrations provide the greatest chance of signal in this pilot work, this method risks a serious type I error given that we did not have reliably consistent multiple concentrations to create area-under-the-curve analyses. Measuring plasma concentrations of intravenously infused sedatives at 3 or fewer time points per day is a limited method for capturing the total daily drug exposure. More frequent measurements of sedative plasma concentrations may have led to more refined models of the relationships between these exposures and delirium. Additionally, there are many factors that modify an individual's pharmacodynamic response to a specific plasma concentration of sedative, including age, illness severity, comorbid illness, additional sedative and analgesic agents, and possibly pharmacogenetic factors. [25] [26] [27] [28] [29] Measuring each of these factors was beyond the scope of our investigation. Even if acute kidney injury should not have affected our analysis, given that the clearance of neither dexmedetomidine nor lorazepam involves renal excretion of unchanged drug, 30 the lack of adjustment for other potential confounders, including prior exposure, tolerance, daily severity of illness, consciousness levels, and pain scores, as well as systems factors such as ICU protocols and sedative stewardship initiatives-all may have biased this analysis. 8, [31] [32] [33] [34] Furthermore, our evaluations for our outcome of delirium were restricted to RASS ≥(−3) and higher, which have been shown to be reliable and valid. Still, there was a possibility that oversedation may have resulted in rapidly reversible delirium, known to possibly affect up to 12% of patients that are similar to those in our cohort. 35, 36 Similarly, our CAM-ICU tool for delirium in these patients could have been confounded by the presence of elevated lorazepam concentrations, which could be a surrogate for the presence of deeper sedation levels. [37] [38] [39] We acknowledge that these were other limitations of our study, which we were underpowered to adjust for in our models. Finally, guidelines from critical care authorities have changed in regard to sedation and recently recommend nonbenzodiazepine sedative strategies. 40 
Conclusion
This prospective cohort analysis of patients enrolled in the MENDS trial found that higher lorazepam plasma concentrations were associated with increased delirium risk, whereas dexmedetomidine plasma concentrations were not associated with increased or decreased probability of delirium. As our knowledge of ICU delirium has deepened, the importance of its prevention and treatment has become more apparent, and this study adds to the growing body of literature supporting the use of sedation strategies that minimize benzodiazepine exposure.
